Introduction {#S0001}
============

Acute cerebral ischemia is a common disease in clinical, which is seriously harmful to people's health because of its high incidence, high disability rate and high death rate. The main pathogenesis of ischemic stroke is apoptosis of nerve cells.[@CIT0001] Studies have found that cerebral ischemia can cause significant apoptosis of nerve cells; cerebral ischemia was closely related to apoptosis of nerve cells.[@CIT0002] Mitochondria is the regulatory center of eukaryotic cell life activities, which is not only the site of cell function, but also involve in the regulation of cell apoptosis.[@CIT0003] Therefore, in the treatment of acute cerebral ischemia, the integrity of mitochondrial physiological function plays an important role in apoptosis.

Some experiments showed that caspase inhibitor had a dose-dependent effect on bnip3-induced apoptosis. There are three main apoptosis pathways, namely exogenous death receptor pathway, endogenous mitochondria and endoplasmic reticulum pathway.[@CIT0004] The endogenous mitochondrial pathways are mainly composed of caspase-dependent and non-caspase-dependent apoptosis pathways. The caspase-dependent apoptosis pathway is involved by the Bcl family and Caspase family. Non-caspase-dependent apoptosis pathway is mediated by apoptosis-inducing factor (AIF).[@CIT0005] Currently, non-caspase-dependent apoptosis pathway plays a major role in acute cerebral ischemia. It is commonly seen in apoptosis of nerve cells caused by ischemia and is the main regulatory mechanism of delayed neuron apoptosis.[@CIT0006] Studies have shown that AIF, Endo G and BNIP3 are the proteins which associate with apoptosis in non-caspase-dependent cells.[@CIT0007] Among them, AIF is the first non-caspase-dependent apoptotic molecule discovered, and also an important executive molecule. Studies have found that, when cells are activated by apoptosis factors, mitochondria released AIF and endonuclease G (Endo G) into the cytoplasm. Eventually, it is transposed into the nucleus, destroying DNA and eventually leading to apoptosis.

Endogenous cannabinoids are structural functional analogs of cannabinoids, which are synthesized by the body's cells. They are involved in the physiological functions of neuron growth and differentiation, immune regulation, synaptic delivery and vasodilatation.[@CIT0008] At present, the research has found that two types of endocannabinoids representative compounds are 2-arachidonic acid glycerol (2-AG) and N-arachidonic acid ethanolamine.[@CIT0009] Endogenous cannabinoids can be synthesized by astrocytes, macrophages, neurons, endothelial cells and microglia cells and secreted out of the cells. It regulates the immunity, nerves and cardiovascular functions; in addition, it has anti-inflammatory and analgesic functions.[@CIT0010] The endocannabinoid system helps fine-tune the most important physiological functions. The endocannabinoid system promotes homeostasis, affecting sleep, appetite, pain, inflammation, memory, mood and even reproduction. Therefore, the endocannabinoid system helps the body balance all major body systems, ensuring that all systems work together[@CIT0011],[@CIT0012]

In this study, a model of middle cerebral artery occlusion (MCAO) was established to explore the protective mechanism of endogenous cannabinoids 2-AG on apoptosis of mouse neurons caused by non-caspase-dependent apoptosis pathway, which provided the experimental basis and theoretical basis for the application of endogenous cannabinoids 2-AG in the treatment of cerebral ischemia.

Materials and methods {#S0002}
=====================

Experimental materials and reagents {#S0002-S2001}
-----------------------------------

The study protocol was approved by the Ethics Committee of Renmin Hospital of Wuhan University. Procedures involving animals and their care were conducted in conformity with NIH guidelines (NIH Pub. No. 85-23, revised 1996) and was approved by Animal Care and Use Committee of Renmin Hospital of Wuhan University. Experimental animals: 30 healthy SPF male C57BL/6 mouse, weighing 20--25 g, were purchased from Beijing vitonghua laboratory animal technology co., Ltd. Growth temperature was 23.0±2.0°C, environment humidity: 45--50%, illumination time: 12 hrs a day; free food, water, adaptive feed for a week was provided.

Primary reagents: Endogenous cannabinoids 2-AG injection was purchased from Jiangsu Rui Heng pharmaceutical co., Ltd. 2-AG was purchased from Shanghai Wei Huan Biotech Co., Ltd. AV/PI cell apoptosis dual infection kit was purchased from BD company. The JC-1 probe was purchased from Sigma in the United States. BCA protein concentration determination kit and ECL luminescence kit were purchased from Biyuntian Institute of Biotechnology. Mitochondrial protein extraction kit was purchased from Beijing Kangwei Biotechnology co., Ltd. AIF antibody, Endo G antibody, BNIP3 antibody and trader-actin antibody were all purchased from ABcom company; others are domestic analytical pure reagents.

Methods {#S0003}
=======

Experimental group and administration {#S0003-S2001}
-------------------------------------

One hundred and fifty healthy SPF male C57BL/6 mouse were randomly divided into 3 groups: Sham group, MCAO group and 2-AG + MCAO group, 50 in each group. A modified Zea Longa method was used to establish a model of MCAO in mice. 2-AG + MCAO group: intraperitoneal injection of 5 mg/kg endogenous cannabinoids 2-AG before the establishment of the MCAO model. The sham group and MCAO group were given the same amount of saline intraperitoneally. The main feature of Zea Longa method is that common caroti artery (CCA) is not ligated, and the bolting line is inserted from extemal carotid artery (ECA).

Establishment of the MCAO model in mice {#S0003-S2002}
---------------------------------------

The MCAO model was established by modified Zea Longa method. After intraperitoneal injection of 10% chloral hydrate at 300 mg/kg, the mice were immobilized in supine position on a constant temperature electric heating plate at 37°C. The right common carotid artery, external carotid artery and internal carotid artery were separated through the median carotid incision, and the proximal end of the common carotid artery was ligated. Then the distal end of the common carotid artery and the external carotid artery were clamped with non-invasive blood vessels. Under the bifurcation of the common carotid artery, the incision was made, and the nylon thread passivated by the head was placed. The nylon thread was pushed forward slowly for 8--10 mm. When the resistance was felt, it stopped and fixed to the common carotid artery. After embolization for 1 hr, the thread plug was pulled out to restore blood flow. Two hours after reperfusion, the neurological function score was used to verify the success of the model. The sham-operated group was the same except that no thread bolt was inserted.

Determination of the apoptosis rate of hippocampal neurons by flow cytometry {#S0003-S2003}
----------------------------------------------------------------------------

After 6 hrs of modeling, the mice in each group were immediately executed with a severed head. Under stereomicroscope, the hippocampus tissue is carefully dissected (meninges and vascular membranes are carefully removed) and washed twice with Hank's buffer. The hippocampal tissues were cut into small pieces of 1 mm^3^ and use of trypsin digestion. 1×10^5^ cells were taken, centrifuged 1000 r/min^−1^ for 5 mins, and precipitate was washed by PBS for 2 times. The cells were stained with AV/PI cell apoptosis double infection kit. The apoptosis rates of hippocampal neurons were determined by flow cytometry.

Determination of the mitochondrial membrane potential of hippocampal neurons by flow cytometry {#S0003-S2004}
----------------------------------------------------------------------------------------------

The hippocampal nerve monocyte suspension was prepared. 1×10^5^ cells were taken, centrifuged 1000 r/min^−1^ for 5 mins, and precipitate was washed by PBS for 2 times. A 0.5 mL JC-1 dye solution was added and mixed well. The cells were treated at 37°C incubator incubation for 15 mins. After the incubation, cells were centrifuged 600×g for 5 mins. Cells were re-suspended with 500 μL PBS buffer. The changes of mitochondrial membrane potential in hippocampal neuron cells were measured by flow cytometry.

Determination of the gene expression in hippocampal tissue of mice in each group by qPCR {#S0003-S2005}
----------------------------------------------------------------------------------------

Total RNA in cells was extracted by Trizol extraction, and total RNA was transcribed according to the instructions of Micro RNA reverse transcription kit. The reverse transcriptase system was 20 μL. 1 μL total RNA, 4 μL 5×Reaction Mix, 2 μL 10×Super Script Enzyme Mix were added to the double steaming water and filled the system to 20 μL, mixed centrifugation. Reaction conditions were as follows: 37°C for 60 mins, 95°C for 5 mins, saved at 4°C. According to the instructions of q-PCR kit (MSK, Wuhan, China), the reaction system was 20 μL. The SYBR Green dye method was used for determination, and 4 compound holes were set for each sample. Amplification was performed according to the reaction conditions of the kit instructions. The relative expressions of the genes were calculated by the 2-△△CT method.

Determination of the protein expressions in the mitochondria of hippocampal tissue of mice in each group by Western blot {#S0003-S2006}
------------------------------------------------------------------------------------------------------------------------

Under sterile conditions, hippocampal tissues of mice in each group were taken. Mitochondrial protein was extracted from the hippocampal tissue of mice using the mitochondrial protein extraction kit (Beibo, Shanghai, China). Western blot was used to detect the protein expression levels of AIF, Endo G and BNIP3 in hippocampal mitochondria. The BCA protein concentration kit was used for protein quantification (TransGen Biotech, Beijing, China). After electrophoresis, the protein was transferred to the PVDF membrane. After using 10% of the dried skim milk solution for close 2 hrs, primary antibodies (1:1000) was used to incubate for the night at 4°C. The membrane was washed with TBST for three times, second antibody (1:4000) was incubated at room temperature for 2 hrs and 3 times with TBST. The protein was colored by chemiluminescence.

Statistical treatment {#S0003-S2007}
---------------------

The experimental results were expressed as mean value ± standard deviation (± s), and SPSS 19.0 statistical software was used for data analysis. Multiple comparisons between the groups were performed using S-N-K method. *P*\<0.05 was a statistically significant difference.

Results {#S0004}
=======

Effects of 2-arachidonoylglycerol 2-AG on apoptosis rate of hippocampal neurons in mice {#S0004-S2001}
---------------------------------------------------------------------------------------

As shown in [Table 1](#T0001){ref-type="table"}, compared with the sham group, the apoptosis rate of hippocampal neurons cells in the MCAO group was increased significantly (*P*\<0.01). The apoptosis rate of hippocampal neurons cells of mice treated with 2-AG was significantly lower than that of the MCAO group (*P*\<0.01). This indicated that 2-AG could effectively inhibit the apoptosis of hippocampal nerve cells induced by MCAO.Table 1Effects of 2-AG on apoptosis rate of hippocampal neurons, the expression of AIF, Endo G and BNIP3 in mice (± s)GroupNumberApoptosis rate (%)Red/GreenAIF\
mRNAEndo G\
mRNABNIP3\
mRNAAIF\
proteinEndo G\
proteinBNIP3\
proteinSham group1014.35±2.047.54±0.641111.57±0.181.28±0.251.32±0.34Model group1027.67±4.32\*\*1.64±0.12\*\*2.68±0.52\*\*2.82±0.57\*\*2.42±0.41\*\*0.32±0.27\*\*0.41±0.43\*\*0.45±0.49\*\*2-AG group1018.95±2.17^\#\#^6.15±0.47^\#\#^1.55±0.12^\#\#^1.37±0.21^\#\#^1.27±0.19^\#\#^1.18±0.15^\#\#^1.17±0.29^\#\#^1.21±0.31^\#\#^[^1]

Effects of 2-arachidonoylglycerol 2-AG on mitochondrial membrane potential of hippocampal neurons in mice {#S0004-S2002}
---------------------------------------------------------------------------------------------------------

As shown in [Table 2](#T0002){ref-type="table"}, compared with the sham group, the mitochondrial membrane potential of hippocampal neuron cells in the MCAO group was significantly decreased (*P*\<0.01). The mitochondrial membrane potential of hippocampal neurons was significantly higher in the 2-AG group than in the MCAO group (*P*\<0.01), which indicated that 2-AG could improve the mitochondrial membrane potential of hippocampal neurons in MCAO mice.Table 2Effects of endogenous cannabinoids 2-AG on mitochondrial membrane potential of hippocampal neurons in mice (± s)GroupNumberRed/GreenSham group107.54±0.64Model group101.64±0.12\*\*2-AG group106.15±0.47^\#\#^[^2]

Effects of 2-arachidonoylglycerol 2-AG on the expression of AIF mRNA in hippocampal tissues of mice in each group {#S0004-S2003}
-----------------------------------------------------------------------------------------------------------------

As shown in [Table 3](#T0003){ref-type="table"}, real-time quantitative PCR (qPCR) results showed that the mRNA expression level of AIF in the hippocampal tissue of mice in the MCAO group was significantly higher than that of the sham group (*P*\<0.01). However, the mRNA expression of AIF in hippocampal tissue of mice treated with 2-AG was significantly lower than that of MCAO group (*P*\<0.01), which indicated that 2-AG could effectively inhibit the gene expression of AIF in the hippocampal tissue of MCAO mice.Table 3Effects of endogenous cannabinoids 2-AG on the expression of AIF mRNA in hippocampal tissues of mice in each group (± s)GroupNumberRelative mRNA level of AIFSham group101Model group102.68±0.52\*\*2-AG group101.55±0.12^\#\#^[^3]

Effects of 2-arachidonoylglycerol 2-AG on the expression of Endo G mRNA in hippocampal tissues of mice in each group {#S0004-S2004}
--------------------------------------------------------------------------------------------------------------------

As shown in [Table 4](#T0004){ref-type="table"}, real-time quantitative PCR (qPCR) results showed that the mRNA expression level of Endo G in the hippocampal tissue of mice in the MCAO group was significantly higher than that of the sham group (*P*\<0.01). However, the mRNA expression of Endo G in hippocampal tissue of mice treated with 2-AG was significantly lower than that of MCAO group (*P*\<0.01), which indicated that 2-AG could effectively inhibit the gene expression of Endo G in the hippocampal tissue of MCAO mice.Table 4Effects of endogenous cannabinoids 2-AG on the expression of Endo G mRNA in hippocampal tissues of mice in each group (± s)GroupNumberRelative mRNA level of Endo GSham group101Model group102.82±0.57\*\*2-AG group101.37±0.21^\#\#^[^4]

Effects of 2-arachidonoylglycerol 2-AG on the expression of BNIP3 mRNA in hippocampal tissues of mice in each group {#S0004-S2005}
-------------------------------------------------------------------------------------------------------------------

As shown in [Table 5](#T0005){ref-type="table"}, real-time quantitative PCR (qPCR) results showed that the mRNA expression level of BNIP3 in the hippocampal tissue of mice in the MCAO group was significantly higher than that of the sham group (*P*\<0.01). However, the mRNA expression of BNIP3 in hippocampal tissue of mice treated with 2-AG was significantly lower than that of MCAO group (*P*\<0.01), which indicated that 2-AG could effectively inhibit the gene expression of BNIP3 in the hippocampal tissue of MCAO mice.Table 5Effects of endogenous cannabinoids 2-AG on the expression of BNIP3 mRNA in hippocampal tissues of mice in each group (± s)GroupNumberRelative mRNA level of BNIP3Sham group101Model group102.42±0.41\*\*2-AG group101.27±0.19^\#\#^[^5]

Effects of 2-arachidonoylglycerol 2-AG on the expression of mitochondrial AIF protein in hippocampal tissue of mice in each group {#S0004-S2006}
---------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 1](#F0001){ref-type="fig"}, Western Blot results showed that compared with the sham operation group, the protein expression of AIF in the mitochondria of the hippocampal tissue of mice in the MCAO group was significantly decreased. The protein expression of AIF in the hippocampal mitochondria of mice treated with 2-AG was significantly higher than that of the MCAO group, which indicated that 2-AG could effectively inhibit the secretion of AIF protein in mitochondria into cytoplasm.Figure 1Expression of mitochondrial AIF protein in hippocampal tissue of mice in each group.

Effects of 2-arachidonoylglycerol 2-AG on the expression of mitochondrial Endo G protein in hippocampal tissue of mice in each group {#S0004-S2007}
------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 2](#F0002){ref-type="fig"}, Western Blot results showed that compared with the sham operation group the protein expression of Endo G in the mitochondria of the hippocampal tissue of mice in the MCAO group was significantly decreased. The protein expression of AIF in the hippocampal mitochondria of mice treated with Endo G was significantly higher than that of the MCAO group, which indicated that 2-AG could effectively inhibit the secretion of Endo G protein in mitochondria into cytoplasm.Figure 2Expression of mitochondrial Endo G protein in hippocampal tissue of mice in each group.

Effects of endogenous cannabinoids 2-AG on the expression of mitochondrial BNIP3 protein in hippocampal tissue of mice in each group {#S0004-S2008}
------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 3](#F0003){ref-type="fig"}, Western Blot results showed that compared with the sham operation group, the protein expression of BNIP3 in the mitochondria of the hippocampal tissue of mice in the MCAO group was significantly decreased. The protein expression of AIF in the hippocampal mitochondria of mice treated with BNIP3 was significantly higher than that of the MCAO group, which indicated that 2-AG could effectively inhibit the secretion of BNIP3 protein in mitochondria into cytoplasm.Figure 3Expression of mitochondrial BNIP3 protein in hippocampal tissue of mice in each group.

CB1 receptor antagonist can inhibit the neuroprotective effect by 2-AG {#S0004-S2009}
----------------------------------------------------------------------

We used 2-AG to specifically block CB1 function. The results showed that CB1 blocker 2-AG could reverse the effect of 2-AG on the expression of AIF, Endo G and BNIP3. These results suggest that CB1 is involved in the regulation of AIF, Endo G and BNIP3 expression by 2-AG.

Discussion {#S0005}
==========

In recent years, the role of 2-arachidonoylglycerol 2-AG in neurological diseases has attracted wide attention. Neuroprotective effect is one of the hotspots of **2**-arachidonoylglycerol 2-AG.[@CIT0013] The whole brain ischemic susceptibility is species-specific. Studies have shown that the Willis ring of C57BL/6 mice is innately underdeveloped, and the posterior traffic branch is underdeveloped, making it difficult for the basilar artery to replenish blood to the carotid system. Therefore, C57BL/6 mice were very sensitive to cerebral ischemia caused by carotid artery ligation.[@CIT0014] In this study, C57BL/6 mice were selected to establish a mouse model of total cerebral ischemia to explore the neuroprotective mechanism of 2-arachidonoylglycerol 2-AG on non-caspase-dependent neuron injury. Studies have confirmed that the main mechanism of nerve injury in cerebral ischemia is apoptosis of nerve cells.[@CIT0015] Therefore, how to inhibit the apoptosis of nerve cells is the focus of research on the treatment of cerebral ischemia. In this study, the apoptosis rate of hippocampal neurons in mice was detected by AV/PI double staining and flow cytometry to study the protective effect of endogenous cannabinoids 2-AG on hippocampal nerve cells in mice. The results of this study suggested that the anticerebral ischemia of 2-arachidonoylglycerol 2-AG might be related to its protective effect on nerve cells.

When stimulated by hypoxia or ischemia, cells undergo a series of lesions, and the main change is mitochondrial membrane depolarization.[@CIT0016] When the membrane potential of mitochondria decreases, the membrane permeability will change. Thus, apoptosis-related proteins are released into the cytoplasm, leading to apoptosis.[@CIT0017] Therefore, the changes of mitochondrial membrane potential are closely related to the study of cerebral ischemic diseases. In this study, the changes of mitochondrial membrane potential of hippocampal neurons in mice were determined by JC-1 probe labeling. The results of this study showed that 2-arachidonoylglycerol 2-AG could increase the mitochondrial membrane potential of hippocampal nerve cells in mice, which showed that 2-arachidonoylglycerol 2-AG could alleviate the decrease of mitochondrial membrane potential caused by cerebral ischemia to some extent.

When cells are stimulated by certain factors, mitochondria will release AIF, Endo G and BNIP3 related molecules of non-caspase-dependent apoptosis pathways into the cytoplasm, and eventually transposition into the nucleus leading to apoptosis.[@CIT0018] AIF is not only the apoptotic molecule of nerve cells, but also an important protein to maintain cell survival and mitochondrial activity. Studies have shown that in animal models of cerebral arterial embolism (MCAO), the apoptosis rate of nerve cells can be significantly reduced by down-regulating the expression of AIF.[@CIT0019] Endo G, as an endonuclease located between the mitochondrial intima, is an important mitochondrial protein in the non-caspase-dependent apoptosis pathway.[@CIT0020] When cells are stimulated by certain apoptosis signals, the mitochondria will release Endo G to the cytoplasm. When Endo G is transposed into nucleus, it will destroy DNA and lead to apoptosis.[@CIT0021] BNIP3 is a pro-apoptotic protein in the BH3-only subfamily, which is involved in apoptosis of glial cells, cardiac cells, epithelial cells and neurons.[@CIT0022] The increase of BNIP3 expression will lead to mitochondrial dysfunction and apoptosis. The results of this study confirmed that 2-arachidonoylglycerol 2-AG could decrease the mRNA expression levels of AIF, Endo G and BNIP3 in hippocampal tissues of mice, which suggested that 2-arachidonoylglycerol 2-AG could reduce the gene expressions of non-caspase-dependent apoptosis factors in the hippocampal tissue of mice. That was the inhibition of hippocampal tissue neuron apoptosis. Meanwhile, this study also found that 2-arachidonoylglycerol 2-AG could effectively up-regulate the protein expressions of AIF, Endo G and BNIP3 in the mitochondria of hippocampal tissue of mice, which indicated that 2-arachidonoylglycerol 2-AG could inhibit the secretions of AIF, Endo G and BNIP3 proteins in mitochondria into cytoplasm and protect neurons. The above results were consistent with the literature reports.

In conclusion, in this study, various indicators were used to evaluate the mechanism of 2-arachidonoylglycerol 2-AG against acute cerebral ischemia. The results of this study showed that 2-arachidonoylglycerol 2-AG had protective effects on neuron damage and its mechanism is to inhibit mitochondria-mediated apoptosis of non-caspase-dependent pathways by protecting the hippocampal nerve cells and their mitochondrial membrane potentials, so as to play a neuroprotective role.
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